D ( -)-0-hydroxybutyrate dehydrogenase (BOHB-DH) (EC 1.1.1.30) was puri6ed 991-fold from Azospidlum brasilense Cd. Its specific activity was 5650 units (mg protein)-l min-'. The enzyme is a tetramer, with identical subunits and a total molecular mass of 100 kDa. BOHB-DH is not a glycoprotein. It is acidic and contains six disulphide bonds without free S H groups. Under the assay conditions used, BOHB-DH activity was maximal at pH 8.0 and at 36 OC. The enzyme is an NAD+ oxidoreductase, and is inhibited by NADPH and NADH. It has high affinity for P-hydroxybutyrate: the K, value for the P-hydroxybutyrate substrate is 1 mM. Adenosine phosphates, pyruvate, acetyl-coenzyme A, oxaloacetate and 2-oxoglutarate inhibited purified BOHB-DH.
Introduction
Azospirillum brasilense is a rhizosphere organism which has potential use as an inoculant for promoting plant growth in economically important crops (Okon, 1985) . Its ability to survive the adverse conditions imposed by nutrient starvation and competition in the rhizosphere is of great importance.
A . brasilense accumulates poly-P-hydroxybutyrate (PHB) up to 70% of the cell dry weight. PHB degradation and its utilization as sole carbon and energy source by A . brasilense may be involved in favouring establishment, proliferation, survival and competition with other organisms in the rhimsphere (Tal & Okon, 1985) .
The enzyme D ( -)-1-hydroxybutyrate dehydrogenase (BOHB-DH; EC 1 . 1 . 1 . 1 .30) which catalyses the oxidation reduction reaction between 1-hydroxybutyrate and acetoacetate in the PHB cycle has a key role in the degradation of PHB and in regulation of PHB and in regulation of PHB synthesis and degradation. This enzyme has been studied from various sources (Delafield et al., 1965; Jurtshuk et al., 1968; Bergmeyer et al., 1967; Kovar et al., 1986) . It has been found in mammals, where it is involved in degradation of pfl-hydroxybutyrate during starvation periods or diabetes. In mammals the enzyme is bound to membranes in the mitochondrion and catalyses the same bidirectional reaction of D-B-
Abbreviations : BOHB-DH, D( -)-p-hydroxybutyrate dehydrogenase ; PHB, polyhydroxybutyrate; TCA, tricarboxylic acid. hydroxybutyrate to acetate (Kaminsky, 1985) . Here we describe the purification and characterization of BOHB-DH from A . brasilense.
Methods
Medium and cultural conditions. Azospirillum brasilense Cd (ATCC 29729) was grown at 30 "C in ammonia/malate mineral salts medium containing a limiting amount of ammonia (2.8 m-NH,Cl) in order to favour PHB production and BOHB-DH activity (Tal & Okon, 1985) . Bacterial cells were collected from 36 h cultures by centrifugation at 5OOO g and washed twice in 0.2 M-potassium phosphate buffer pH 8-0 + 1 mM-MgC1,. The cells were then resuspended in approximately 5 vols of the same buffer. From this stage on, all procedures were carried out at 0 "C in order to avoid enzyme denaturation. The bacterial suspension was disintegrated in a French pressure cell at 3000 p.s.i. (20.7 MPa). The supernatant was collected following centrifugation of the disintegrated cells at 35000 g for 20 min.
Purijcation of BOHB-DH. The crude extract supernatant was
fractionated by 55 % saturation with ammonium sulphate. The resulting precipitate was collected by centrifugation at 10000 g for 10 min and then resuspended in 0.2 M-phosphate buffer pH 8.0 to the previous volume. The suspension was dialysed against 5 mw-phosphate buffer pH 8-0 + 1 mM-MgC1,. The non-diffusible fraction was freezedried and kept at -20 "C.
A 0-3 g sample of the freeze-dried preparation was suspended in 10 ml 5 mwphosphate buffer pH 8.0 + I rn~-MgCl, (starting buffer), and centrifuged at 5000 g. The supernatant was applied to a DEAE-52 cellulose column (2 x 60 cm) equilibrated with 500 ml starting buffer. Elution was performed first with 500 ml of the same buffer followed by a gradient of 0-0-3 M-KCI in the same buffer and then by 100ml of starting buffer containing 0-5 M-KC~. The flow rate was 50 ml h-' and 2 ml fractions were collected. The active fraction that emerged with the 0.5 M-KCl buffer contained most of the enzyme. It was desalted by dialysis against 15 mwphosphate buffer pH 6.8 + 1 mM-MgCl,, and 0001-5981 0 1990 SGM S . Tal, P . Smirnofland Y. Okon kept as a freeze-dried preparation. For further purification, 30 mg of dried preparation was dissolved in 10 ml of the same buffer and applied to a hydroxylapatite column (2 x 30 cm). Elution was performed with 150ml of the same buffer. The flow rate was 50mlh-l and 2nd fractions were collected. The fraction containing the enzyme was dialysed and concentrated in a dialysis tube wrapped with Sephadex G-200 particles to a final volume of about 3.0 ml. The concentrated enzyme solution was applied to a Sephadex G-75 column (1 x 50 cm) equilibrated with 5 mM-phosphate buffer pH 8.0 + 1 m~-MgCl,. Elution was performed with 5 mM-phosphate buffer pH 8.0 + 1 mM-MgC12. The flow rate was 5 ml h-l and 2 ml fractions were collected. The active fraction was dialysed and stored at -20 "C in 20% (v/v) glycerol.
Enzyme assay. BOHB-DH activity was determined by measuring NAD+ reduction spectrophotometrically at 340 nm at 36 "C. The reaction mixture contained in a total volume of 1.5 ml (final concentrations): 94 mM-potassium phosphate buffer pH 8; 6 mM-DL-flhydroxybutyric acid sodium salt; 0.6 ~M -N A D + ;
and enzyme preparation.
The reaction mixture was preincubated for 2min at 36°C. The reaction was started by the addition of 0.03 ml substrate. When the effect of BOHB-DH inhibitors was studied, these compounds were added to the reaction mixture before substrate addition.
One unit of the enzyme was defined as the increase in A340 min-l under the described conditions. Specific activity was expressed as the number of enzyme units (mg protein)-' min-'.
Protein content was estimated by measurements of A28o. It was found that an A280 of 0.01 (1 cm cuvette) of the purified enzyme represented 20 units of enzyme activity. In addition, protein concentration was determined by the method of Sedmak & Grossberg (1977) .
Characterization of the enzyme. Polyacrylamide gel electrophoresis (PAGE) was performed in the presence (Davis, 1964) and absence (Laemmli, 1970) of SDS. In both cases staining with Coomassie blue R and/or silver solution was used (Gorg et al., 1985) .
Molecular mass was determined by gel filtration on a Sephadex G-100 column, and also by SDS-PAGE using protein molecular mass markers.
For amino acid analysis, 1.0 mg enzyme samples hydrolysed in 6 M-HCl for 24 h at 110 "C were analysed with an amino acid analyser, using the single-column separation method. The N-terminal amino acid was determined by the dansylation method (Woods & Wang, 1967) , tryptophan by the method of Beaven & Holiday (1952) and -SH groups by thepmercuribenzoate method (Benesh & Benesh, 1962) . The presence of glycosylated residues was investigated by means of a PAGE gel stained with periodic acid and Schiff's reagent (Segrest & Jackson, 1972) .
Chemicals. Reagents were obtained as follows: molecular mass markers, Sephadex G-75, G-100 and G-200, bovine serum albumin (BSA), dithiothreitol (DTT), NaEDTA, SDS, NAD+, NADP+, NADH, NADPH, AMP, ADP, ATP, acetyl-CoA, &hydroxybutyrate and oxaloacetic acid from Sigma; acrylamide, bisacrylamide and N,N,N'N'-tetramethylethylenediamine (TEMED) from Bio-Rad; hydroxylapatite spheroidal from BDH ; glycine and dansyl chloride from Fluka; AgN03 from Buchs. * One unit of enzyme is defined as the increase in A340 min-l under the described conditions. Specific activity is expressed as units (mg protein)-l. Holyday, 1952) .
Results and Discussion

Amino acid
Residues per molecule Fig. 2 . Electrophoretic analysis of the BOHB-DH from A. bradense. Electrophoresis of the last two steps of purification of the enzyme was performed in 7.5% (w/v) polyacrylamide gel at pH 8.4 with a current of 60 mA for 90 min. The gels were stained with silver (Gorg et al., 1985) . 1, Hydroxylapatite active fraction; 2, Sephadex G-75 active fraction. Table 1 ). The enzyme was purified 991-fold with a low recovery of 3%. Only one band was observed when PAGE gels were stained with either silver (Fig. 2) or Coomassie blue (not shown).
The molecular mass of the enzyme calculated from a gel filtration Sephadex G-100 column was 100 kDa; a value of 25 kDa was obtained by SDS-PAGE (not shown). These results show that the enzyme is a tetramer, with identical subunits. From the amino acid composition a molecular mass of 106 kDa was calculated. A similar molecular mass was reported for Azotobacter beijerinckii BOHB-DH ) and a value of 85 kDa was reported for the Rhodopseudomonas spheroides enzyme (Bergmeyer et al., 1967) . The amino acid composition (Table 2) shows that the protein is rich in acidic amino acids and has only 12 half-cysteines (six disulphide bonds) without free -SH groups. Isoleucine was the N-terminal amino acid and it was probably present in each of the four subunits.
The BOHB-DH of Azospirillum brasizeme possesses no sugar residues. No information on this aspect could be found in the literature.
In our assay conditions, the BOHB-DH of A. brasilense was most active at pH 8.0 and at temperatures in the range 30-37°C (data not shown). Similar resuits have been obtained with other bacteria (Jurtshuk et al., 1965; Kovar et af., 1986; .
BOHB-DH from A . brasilense was very stable. At the optimal pH of 8.0, it was stable for more than 28 d at temperatures between + 1 1 and -70 "C when glycerol and Mg2+ were added. No activity was detectable after 24 h in the absence of glycerol.
N o significant effect on the enzyme activity was observed when ions such as Mn2+, Fe2+, Fe3+, Co2+, Cu2+, Mo2+, A13+, Ba2+, Mg2+, Zn2+ and Cd2+ were added to the reaction mixture at a concentration of 1 mM.
Stability of activity has been reported for BOHB-DH from Rhodospirillum rubrum and Pseudomonas lemoignei (Delafield et al., 1965; Jurtshuk et al., 1968) and from Azotobacter vinelandii, where 1.0 m~-MgCl, was used to stabilize the activity (Jurtshuk et al., 1968) .
The purified enzyme from Azospirillum brasilense was highly active in the presence of P-hydroxybutyrate (but not a-or y-hydroxybutyrate) as substrate and with NAD+ as coenzyme. Slight activity was observed with P-hydroxybutryate and NADP+ as the electron acceptor. conditions (pH 8.0, temperature 36 OC, 0.6 mM-NAD). NADH and NADPH inhibited the activity of the purified enzyme in vitro, the effect being more severe in the case of NADH (Fig. 3) , as for the Azotobacter vinelandii enzyme .
The PHB and tricarboxylic acid (TCA) cycles both start with acetyl-CoA, and the conditions determine which cycle will be active. Under conditions favouring PHB synthesis, such as oxygen limitation, there is inhibition of the TCA cycle by NADH or NADPH (Senior & . Physiological concentrations of pyruvate, acetyl-CoA, and intermediates of the TCA cycle, such as oxaloacetate and 2-oxoglutarate, inhibited the activity of purified BOHB-DH from Azospirillum brasilense (data not shown). Similarly, pyruvate and 2-oxoglutarate inhibited BOHB-DH of Azotobacter beijerinckii while oxaloacetate inhibited the enzyme of Hydrogenomonas eutropha . This type of regulation is probably exerted when glucose catabolism and the TCA cycle are operating and there is no need to utilize PHB as a carbon and energy source (Dawes, 1986; Jackson & Dawes, 1976 ; Senior & Dawes, 1971) .
During PHB metabolism there is apparently no direct utilization of ATP. This is in contrast to the degradation of glycogen and polyphosphates. Morevoer, during PHB synthesis there is a concomitant reduction in protein synthesis, a process coupled to ATP formation and utilization (Dawes, 1986) . Although adenosine phosphates are not involved in PHB metabolism, Azospirillum brasilense BOHB-DH activity was significantly decreased by physiological concentrations above 1-66 mM of adenosine phosphates in the reaction mixture (Fig. 4) .
Due to the similarity between hydroxybutyrate dehydrogenases from different sources, it is suggested that the enzyme from A . brasilense may serve as a suitable model for studying the key role of this enzyme in polymer degradation in the PHB cycle. The purification procedure for BOHB-DH reported here is relatively rapid and yields a highly purified enzyme. Further investigation of BOHB-DH, and the elucidation of its covalent structure, should furnish information on the homology between this enzyme and enzymes from different sources.
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